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I. 
Analysis  of  the  geotmpic  conduct  of  young  rats  (Crozier  and 
Pincus, 1926-27,  a, b; Pincus,  1926-27)  showed that it  is possible to 
describe the negative geotropism of these animals by simple mathe- 
matical expressions.  The results gotten from mammals may be shown 
to have a general value, as soon as it becomes possible to find similar 
relationships with invertebrates. 
The negative geotropism of gastropods,  as in Helix  (Cole,  1925), 
Limax  (Crozier  and  Federighi,  1924-25;  Davenport  and  Perkins, 
1897-98), and  other forms  (Kanda,  i916)  suggested  that  such  ani- 
mals could be used for an exact investigation of their geotropic con- 
duct.  The common garden slug Agriolimax l~is campestris (Binney) 
was available during fall and winter months, and was used for these 
experiments. 
II. 
A large number of animals was kept for several weeks in the dark 
room,  where  the  experiments  were  made.  During  an  experiment 
several individuals  were put  on  an  inclined plate of ground glass, 
which was moistened every few minutes.  In darkness the slugs creep 
almost  always  upward,  and  it  was  interesting  to  see  Whether  we 
could find here in the same way an increase of the angle of orientation 
if the angle of the creeping plane with the horizontal was increased, 
as in the experiments with the young rats.  The angle of inclination 
of the glass plate was varied between 45 ° and 90  °.  As soon as the 
animals were put on the plate they started to creep and described a 
certain path which was observed every few minutes with a red flash- 
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light.  The plate was divided in squares so that  the path  made  during 
the  interval  could  be  copied  on  a  coordinate  paper  on  which  the 
angles of orientation were subsequently  measured.  In most  cases the 
animals  creep  upward;  downward  creeping  occurred  only  seldom. 
In  general,  only  the  angles  of  upward  orientation  were  taken  into 
TABLE  I. 
Angles of orientation (0) of Agriolimax at an inclination of the creeping plane 
at angle (a) 51 ° to the horizontal, during upward and during downward orienta- 
tion.  In both directions the mean angle of orientation is the same. 
Values for (O) during 
Upward orientation, 58  °, 58  °, 60  °, 58  °, 53  °,  55  °, 58  °,  56  °,  62  °, 55  °, 55  °, 61  °, 57  °, 
61  °, 54  °  ..............................................  : ...........  mean 57.4  ° 
Downward orientation, 61  °, 62  °, 53  °, 52  °, 54  °, 58  °, 55  °, 50  °, 54  °, 62  °, 58  °, 58  °, 52  °, 
63  °  , 55  °  . .........................................................  mean 56.4  ° 
TABLE  II. 
Mean angles of orientation (O) of Agriolimax during creeping upon a  surface 
inclined at  different angles  (a)  with  the horizontal; the probable error  of each 
mean angle; and the coefficient of variation of O. 
45  ° 
51  ° 
55  ° 
60  ° 
66  ° 
72  ° 
79  ° 
90  ° 
108  ° 
120  ° 
129  ° 
48.7  ° 
55.9 ° 
61.8  ° 
69.3  ° 
72.3  ° 
79.8  ° 
84.1  ° 
88.7  ° 
77.4  ° 
69.9  ° 
56.5  ° 
P.E. 
+0.72 
q-0.66 
-4-0.59 
+0.66 
-4-0.46 
-¢-0.38 
+0.41 
-4-0.28 
4-0.58 
4-0.47 
4-O.92 
C. V. 
11.0 
13.2 
7.16 
10.6 
5.27 
3.64 
3.91 
2.39 
6.08 
5.59 
13.6 
account,  but  on  comparing  these  with  the  angles  described  during 
downward  movement,  almost  no difference was found.  The  animals 
describe in either  direction  the  same  angle  O  (Table  I).  Further- 
more,  it  is to be said that very often  the direction of the path  becomes 
changed,  the  animals  turning  to  the  right  or  to  the  left,  but  the ~P~ST  WOLF  759 
angle  (0)  remains  also  in  both  cases  the  same.  It  is  important, 
however, to say that  when the slugs stop  creeping no definite angle 
corresponding to  the measured angle of orientation was observed. 
The results summarized in Table II are averages of from 30 to 50 
tests at each angle of inclination of the creeping plane.  For the ex- 
periments the following angles were chosen: 45 °, 51 °, 55  °, 60  °, 66  °, 72  °, 
79  °,  90  °,  108  °,  120  °,  129 °.  Several tests with angles below 45 ° gave 
indecisive results; the animals describe more or less circles, no definite 
direction being adhered to; the mean of the single tests falls always 
near 45 °  orientation  (0),  which shows that  the deviation  from the 
angle which should  supposedly be  taken is  rather great.  It  seems 
that in all these cases the downward pull becomes so small that the 
animals do not orient as in the cases where Mgher angles were used. 
Some of the experiments were done during the fall of 1926; it seemed 
interesting, however, to control the results by later tests.  For the 
• repetition the angles 51 °, 60  °, and 72  °, together with the angles, 108  °, 
120  °  , and 129  ° were taken.  The difference between the mean values 
of O and those obtained a  few months before was not more than 2  ° 
or 3  °.  The reproducibility of the angle 0  therefore seems little in- 
fluenced by season,  by weight of animal,  or by speed of creeping. 
The tests with angles above 90  ° were interesting as showing whether 
there is  an influence of the statocysts on  the  angle of Orientation, 
because the animals are now hanging from the creeping plane.  The 
difference between the angles at inclinations below and above 90  ° is, 
however, so small that it seems that the angle of orientation is not 
controlled by the statocysts. 
Table II gives the results of the experiments: (1)  the angle of in- 
clination  ~a)  of the glass plate  to  the  horizontal;  (2)  the  angle of 
orientation in the creeping plane (0), with its P.E.; (3); and (4) C. V., 
the measure of the variability of O. 
The degree of upward orientation  (0)  increases with the increase 
of the inclination of  the creeping plane  (a).  The probable error is 
rather small in every case and it decreases with the increase  of a. 
As in the experiments with the young rats, it can be shown that the 
angle of orientation  (0)  is proportional to  the logarithm of the sine 
of the angle in the creeping plane: 
0  --- k logsina -b C. 760  GEOTROPISM OF AGRIOLIMAX 
The graph  in  Fig.  I  gives a picture of this relationship.  The points 
fall almost  altogether  on  a  straight  line,  aside from  the  two points 
for the observation with a  =  45  ° and a  =  90  °.  When the creeping 
plane is inclined at about 45  ° it seems that the total downward pull 
i~ too small, so that the lower limit of geotropic excitation is reached, 
and the animals begin to  show frequent  circus  movements  as during 
the experiments with still lower angles.  In  case the creeping plane 
is vertical,  the animals  seldom creep straight  up; one gets always a 
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FIG. I. The angle  of orientation (O) is directly proportional to log sin a, where 
a is the angle  of incUnatiofl  of the creeping  plane.  The points are averages  ol 30 
to  50 measurements each.  The solid circles are from measurements made at 
inclinations greater than 90  ° (i.e. the animal hanging from the under surface of 
the  plane). 
little deviation to the right or to the left.  Measuring the angles, we 
get up to 5 °  deviation from the vertical; but for simplification  only 
angles between 85  ° and 90  ° were recorded, not between 90  ° and 95°; 
this explains why O, at a  =  90  °, must appear to be a little less than 90  ° 
The  line  fits  the  points  gotten  in  these  experiments  where  the 
animals  were in  the upper  side of the  glass plate,  and  fits equally 
well  the  points  for  the  angles  (a)  beyond  90  °  where  the  animals 
were hanging  from  the under  side of the plate. ERNST WOLF  761 
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FIG. 2.  The  coefficient of variability of  the  angle  of  orientation decreases 
steadily with the increase of the logarithm of the sine of the angle of inclination 
of the creeping plane (see text). 
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Fro.  3. The cosine of the angle of orientation (O) decreases almost  in  direct 
proportion  to the sine of the angle of inclination (a)  of the creeping plane. 
The coefficient of variability of the measured angles of orientation, 
which  measures  inversely  the  precision  of  orientation,  decreases 762  GEOTIlOPISM  OF  AGI~IOLIMAX 
steadily  as  log  sin  ~  increases (Fig.  2).  This  corresponds  to  the 
results with rats  (Crozier and  Pincus,  1926-27,  a,  b).  The scatter 
of  the  figures is  greater  than  with  the  rat  observations,  probably 
because  the  animals in  the  present  experiments form a  less homo- 
geneous  population;  factors  unimportant  for  the  mean  extent  of 
FIG. 4. Diagram showing terms used for the explanation of the relationship 
between the sine of the angle of orientation  (O) and the reciprocal of the sine 
of the angle of inclination of the creeping plane. 
orientation may obviously influence its precision, and probably vary 
with the season of the year and with the size of the individual. 
III, 
After having gotten the logarithmic relationship between the pull 
of gravity and the extent of the orienting response of the animals, 
the question arises, whether for the slugs, as in the experiments with 
the young rats,  the  cosine of  the angle of upward  orientation  (O) ERNST  WOLF  763 
decreases directly in  proportion to the sine of  the angle of  the in- 
clination of the creeping plane (a).  Fig. 3 shows that for Agrioli~ 
we apparently find the same relationship, at least quite nearly. 
In the case of the rats the explanation for this was given on the 
basis of the different extension of the legs on the "up"  and on  the 
"down" sides of  the  body.  The magnitude of  0  was dependent on 
the differential pull on the legs.  In the slugs an explanation of this 
kind could be  given  by assuming that  there is  a  difference in  the 
pull of the weight or a  difference in the stress of the muscles of the 
two sides of the body; but neither of these assumptions can lead to 
a satisfactory result,  because  we  have in neither case the possibility 
to get a  quantitative expression for the distribution of the weight or 
of the muscle tensions.  Nevertheless, it can be shown that by plotting 
cos 0  against si~ a  we get a  straight line which fits the points of the 
observation (Fig. 3).  A very much better explanation of the conduct 
of the slugs can, however, be given in the following way. 
In the slug the muscle fibers of the anterior end of the body diverge 
at a certain angle (H) ; the angle between the axis of the body and the 
body wall is HI2  =  h.  The angle between the body wall and the 
horizontal on one side of the animal =  a, on the other side the angle 
between the vertical and the body wall  =  ~; furthermore, the angle 
of orientation (0)  =  ~  +  h  (Fig. 4). 
On both sides of the slug the component of gravity (g) acts in the 
same way; when orientation is reached we may assume  (of.  Fig. 4) 
that 
g'x [cos ~ -- cos (a +  H)] becomes constant; 
K 
.'. cos ~,  -  cos (~, +  H)  =  -  g' 
K  or cos (O  -  h)  -  cos (O +  h)  =  g, 
= cos O cos h +  sin O sin h  -  cos e cos h +  sin O sin h, 
K'  and sin O  sin h  = --  g' 
Kit 
sin o sin a  ~= sin  h  -- constant, 
Ket 
.'. sin e  = 
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As  shown in  Fig.  5,  the agreement of the observations with this 
equation is better  than in the case of the cosine formula.  The ex- 
planation  here  adopted,  while slightly  different from  that used for 
the rats  (Crozier and  Pincus,  1926-27,  a,  b)  in  reality turns  upon 
exactly the same sort of effect, namely the distribution  of the pull 
of the  animal's  weight upon  the  two  sides of the  body.  The fact 
that the cosine formula is almost obeyed (Fig.  3)  is due to the fact 
that  1~sin  0  is  very nearly proportional,  for angles  not  too  small, 
to  cos  O. 
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Fro. 5. The sine of the angle of orientation (O) decreases in direct proportion 
to the reciprocal of the sine of the angle of inclination of the creeping plane. 
Against this explanation it might be said that perhaps the cause for 
taking a  certain angle (0)  at orientation is not dependent upon dif- 
ferences of pull on  the  two  sides,  or stress, or  the head angle, but 
upon the pull working on the eyestalks.  Several tests, however, with 
animals where the eyestalks were removed showed that  they  have 
no influence on the angle of orientation;  the slugs describe,  if  they 
creep at all, the same angle (O)  as when the eyestalks are present. ~m~sT WOLF  765 
SUMMARY. 
On an inclined glass plate the slug Agriolimax  orients and  creeps 
upward or downward.  The angle of orientation on  the plane (O)  is 
proportional  to  the  logarithm  of  the  component of  gravity  in  the 
creeping plane.  The coefficient of variability of the measured values 
of (O)  decreases linearly as the logarithm  at  the gravity component 
in the creeping plane increases.  The cosine of the angle of orienta- 
tion decreases almost directly in proportion to the sine of the  angle 
of inclination  of  the  creeping plane  to the horizontal,  as previously 
found for young rats  (Crozier and Pincus).  But a  more satisfactory 
formulation for the present case shows that  the sine of the angle  of 
orientation  (O)  decreases in direct proportion to  the increase of the 
reciprocal of the sine of the angle of inclination of the creeping plane. 
This formulation is derived from the theory that the geotropic orienta- 
tion  is limited  by  the  threshold  difference between  the  pull  of  the 
body  mass  on  the  mutually  inclined  longitudinal  muscles  at  the 
anterior end of the slug. 
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